This study examined the blood brain barrier (BBB)-permeable nitroxyl compound, 3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl (MC-PROXYL), as a spin probe for the assessment of oxidative stress in the brain by electron spin resonance (ESR) imaging and in vivo L-band ESR. Preliminary comparisons were made by ESR imaging of MC-PROXYL in the isolated brains of normal Wistar-Kyoto rats (WKY), spontaneously hypertensive rats (SHR), and stroke prone SHR (SHRSP). The decay of the ESR images of MC-PROXYL in the isolated brains was faster in SHR than in normal WKY, but was only moderate in SHRSP. In addition, the decay rate of MC-PROXYL in the heads of live rats, as measured noninvasively by L-band ESR, was faster in SHR than in WKY, and was slower in SHR than in SHRSP. Taken together, our data suggest that the oxidative stress of SHR is not as high as that in high oxidative stress animal models such as SHRSP. This is the first study to present reconstructed 3D images of the distribution of MC-PROXYL in the isolated SHR brain. The ESR technique employed herein appears to be a powerful tool for evaluating oxidative stress and for detecting the region of oxidative stress in the brain of SHR. (Hypertens Res 2004; 27: 485-492) Key Words: electron spin resonance imaging, L-band electron spin resonance, brain, oxidative stress, spontaneously hypertensive rat
Introduction
A number of researchers have reported that free radicals generated in the brain are involved in various brain dysfunctions, including ischemia-reperfusion injury (1), brain tumor (2) , aging (3), familial amyotrophic lateral sclerosis (4), Alzheimer's disease (5) , and other neurodegenerative diseases (6) . Furthermore, it is well known that the brain might (8) (9) (10) (11) . In addition, significant advances in the field of ESR imaging in recent years have made it possible to visualize the distribution and metabolism of free radicals, and the degree of tissue oxygenation in vivo (12) (13) (14) (15) (16) (17) (18) . However, ESR imaging detection of endogenous free radicals has been hampered by the low levels of endogenous free radical and the relatively low sensitivity of the spectrometer.
Nitroxyl radicals are very useful as exogenous spin probes for measuring free radical distribution, oxygen concentration, and redox metabolism by in vivo ESR in biological systems (12, 16, 18) . It has been reported that nitroxyl radicals lose their paramagnetism through a redox reaction when exposed to a reducing agent in biological systems (19, 20) . The signal decay rate of the nitroxyl radical gives evidence of free radical generation and changes of redox status in biological systems (21, 22) . Differences in the brain distribution of 3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl (MC-PROXYL) and sucrose, which is blood brain barrier (BBB)-impermeable, have previously been quantitatively estimated in mice by analyzing autoradiogram images obtained through the simultaneous contact of [ 14 C]MC-PROXYL and [ 14 C]sucrose sections (23) . The 14 C concentration in the brains of MC-PROXYL-treated mice was more than 5 times greater than that of sucrose-treated mice. These results suggest that MC-PROXYL is a suitable spin probe for ESR detection of free radical reactions in the brain of small animals.
The spontaneously hypertensive rat (SHR), a model of essential hypertension, has several characteristics of increased oxidative stress (24, 25) . There is significant in vitro evidence indicating that superoxide (O2 ) contributes to increased systemic vascular tone in SHR (26, 27) . It has also been shown by in vivo fluorescence microscopy that blood vessels of SHR generate excessive amounts of O2 (28) . We previously measured oxidative stress in the brains of stroke prone SHR (SHRSP) in comparison with normal male Wistar Kyoto rats (WKY) (29) . However, we were unable to detect a difference in oxidative stress in the brain among SHR, WKY and SHRSP. We speculated that oxidative stress in the whole brain of SHR could be accurately measured by using in vivo ESR with a BBB -permeable nitroxyl spin probe.
In the present study, we used the BBB-permeable spin probe, MC-PROXYL, to show that in vivo ESR can be useful for monitoring redox reactions in the brain of SHR. Conclusive data on the decay of MC-PROXYL in the SHR brain was obtained by ESR imaging and L-band ESR. These studies showed that the degree of oxidative stress in the brain of SHR was greater than in normal rats, and was lower in SHR than in SHRSP.
Methods

Spin Probes
MC-PROXYL was synthesized from 3-carboxy-2,2,5,5tetramethylpyrrolidine-1-oxyl (carboxy-PROXYL; Tokyo Kasei, Tokyo, Japan) and diazomethane. MC-PROXYL was purified by column chromatography and characterized as described previously (23) . 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl (carbamoyl-PROXYL) was purchased from Sigma Chemical Co. (St. Louis, USA).
Animals
Normotensive male WKY, SHR, and SHRSP, all weighing about 150-200 g, were purchased from Japan SLC (Hamamatsu, Japan). The procedures used in this study were in accordance with the guidelines of the US National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publication NO. 85-23, revised 1985) and the protocols were approved by our Institutional Animal Care Committees.
Animal Preparation for ESR Studies
WKY, SHR, and SHRSP were used for either ESR imaging or L-band ESR spectroscopy. ESR imaging of the isolated rat brain was performed as follows. The rats were anesthetized with 40 mg/kg (i.p.) pentobarbital (Dinabot, Osaka, Japan), then received 10 mg/kg of 140 mmol/l MC-PROXYL or carbamoyl-PROXYL solution i.v. via the tail vein, and the brain was isolated 30 s after the treatment. To ensure that microwave radiation inside the ESR resonator did not alter the brain core temperature, the temperature of isolated brains was measured with a needle type (0.46 mm o.d.) thermal probe (MT-26; BRC, Tokyo, Japan). It was observed that the core temperature of the brain (3 mm posterior to the bregma and 5 mm below the surface parallel with the sagittal plane) remained stable at 34 1 ºC during a 20 min interval, which was the typical duration of the experiments. WKY, SHR, and SHRSP anesthetized with pentobarbital (40 mg/kg) were used for in vivo L-band ESR. Under typical experimental conditions, the core body temperature was monitored in selected mice with a thermal resistor rectal probe (RET-3; BRC, Tokyo, Japan) and was found to be stable at 37.2 0.8 ºC throughout the duration of the experiments. Respiration rate was also monitored in selected rats by observing the change in microwave reflections after treatment with MC-PROXYL (140 mmol/l, 10 ml/kg i.v. via the tail vein).
ESR Imaging Analysis
An ESR imaging system constructed in our laboratory and in the JEOL ESR application laboratory was used. This system consists of a commercially available electromagnet (modified RE3X; JEOL, Akishima, Japan), a pair of field scan coils, power supplies, a personal computer (a modified Hewlett-Packard KAYAK XW/400 computer with laboratory-developed software, Hewlett-Packard, Palo Alto, USA) and a 1 GHz microwave unit containing a four-window loop-gap resonator (30) . The system was equipped with four different coil sets, three for the gradients and one for rapid scanning. A setting of 0.9 mT/cm produced a field gradient with maximum strength. The gradient field was controlled by a current stabilizer, which was controlled by a personal computer, as described above. The ESR images were constructed on the basis of Lauterbur's method (31), a procedure known as 3D zeugmatography (32) . We applied linear magnetic field gradients along the x-, y-, and z-axes produced by the magnetic field gradient coils. For 2D imaging, 18 projections were acquired in 55 s. Each projection required 1,024 points of acquisition data for imaging. The mid-field hyperfine line in the spectrum was separated from the triplet signal of the nitroxyl radicals. Each signal data set was convoluted with Shepp's filter function into the Fourier domain before performing the inverse Fourier transformation to the spatial domain (32) . Two-dimensional images (512 512 pixels) were obtained from 18 projections at gradient steps of 10 º in the spatial domain. For 3D imaging, the scanning plane was assigned an arbitrary set of two of the three axes x, y, and z. Rotation of the plane was controlled by the third axis. The ESR images were reconstructed from 18 planes of 3D imaging in different directions. The total acquisition time for this set of 324 projections (18 18) was 12 min for 128 slice pictures of 3D imaging. The distribution of a cubic matrix of 128 128 128 pixels was reconstructed using computer software (IRIS Explorer; Numerical Algorithms Group Ltd., Oxford, UK) by interpolation of the spin probe intensity. Instrument settings for ESR detection of MC-PROXYL were as follows: microwave power, 1 mW; magnetic field, 31.0-34.0 5 mT; field modulation width, 0.1 mT; receiver gain, 63-100; time constant, 0.03 s.
In Vivo L-Band ESR Analysis
To confirm the data from ESR imaging analysis, we performed in vivo L-band ESR analysis under the same conditions, except that the measurements were preformed on the isolated rat brain. The ESR spectra from WKY, SHR, and SHRSP were obtained with an L-band ESR spectrometer (JES-RE-3L; JEOL) equipped with a four window loop-gap resonator, under the following conditions: microwave power, 10 mW; magnetic field, 42.0 5 mT; field modulation width, 0.1 mT; receiver gain, 160; and time constant, 0.03 s.
Statistical Analysis
Results are expressed as the means SD. Statistical analysis was performed using Student's t-test or one-way analysis of variance. A p value less than 0.05 was considered to be statistically significant.
Results
ESR Imaging of the Distribution of MC-PROXYL in the Isolated Brains of SHR, SHRSP, and WKY
ESR images were reproduced in 16 colors and signals lower than 10% of the maximal signal intensity detected in all slices were regarded as noise. In the preliminary experiments on the WKY brain, isolated 30 s after i.v. treatment with MC-or carbamoyl-PROXYL, we assessed the distribution of nitroxyl compounds from 2D projections of the coronal section (y-z plane). We could not obtain clear 2D ESR images of the distribution of carbamoyl-PROXYL (data not shown), which is a BBB-impermeable nitroxyl spin probe. Because the noise level in the image shown in Fig. 1 was 10-20% of the maximum MC-PROXYL signal, regions of weak signals, which were seen in carbamoyl-PROXYL treated brains, were not seen after filtering out the noise during signal processing. As indicated by the attached color scale (16 colors; white and 100 being the maximum ESR signal), these images show that MC-PROXYL was widely distributed in the WKY, SHR, and SHRSP brain, and these brain-distributed signals decayed in a time-dependent fashion (Fig. 1) . Similar images were obtained in repeated imaging experiments on the isolated brain. MC-PROXYL (140 mmol/l, 10 ml/kg) was injected via the right common carotid artery after occlusion of the left common carotid artery in rats, and then ESR spectra were measured in isolated brains under the same experimental conditions as described in the legend of Fig. 1 . Only the right side of the brain was observed in 2D (data not shown), further indicating that MC-PROXYL is distributed in the brain. It has also been reported that MC-PROXYL is a suitable spin probe for the study of free radical reactions in the rodent brain by in vivo ESR detection (23, 29, 30, 33, 34) . Thus, these methods were also used to compare images from the brains of WKY, SHR, and SHRSP. In the experiments with rat brain isolated 30 s after i.v. treatment with MC-PROXYL, we initially assessed the distribution of nitroxyl compounds from 2D projections of the coronal section ( y-z plane) (Fig. 1) . The images of isolated WKY brain are shown in Fig. 1A for comparison. These ESR images show that MC-PROXYL decayed more rapidly in the isolated brain of SHR than in that of WKY, while the decay rate was slower in the SHR brain than in the SHRSP brain. These findings suggest that oxidative stress, which has been reported to occur in SHR (24-28), was responsible for the altered distribution of MC-PROXYL in the isolated brain.
Comparison of in Vivo L-Band ESR Signal Decay in the Head Region of SHR, SHRSP, and WKY
To confirm the data from previous ESR imaging experiments, we performed L-band analysis under the same conditions, except that the measurements were made noninvasive-ly in the head region of WKY, SHR, and SHRSP in vivo. Figure 2 shows typical signal intensity data in the head region after injection of MC-PROXYL in WKY (A), SHR (B), and SHRSP(C). The decay of the MC-PROXYL ESR signal in the head region can be divided into phase I and phase II according to a two-compartment model of distribution (Fig.  2) . Linearity was observed in phase I and phase II of the corresponding semilogarithmic plots (phase I: r 2 0.9469, 0.9764, and 0.9759; phase II: r 2 0.9469, 0.9764, and 0.9595 for WKY, SHR, and SHRSP, respectively). The decay rate constants of MC-PROXYL in phase I (K1) and phase II (K2) were significantly greater in SHR and SHRSP than in WKY (Fig. 3) . These results are consistent with the rapid decay of MC-PROXYL in the isolated brain of SHR and SHRSP, determined from the ESR images shown in Fig.  3 . Further, the K1 of SHRSP was significantly faster than in SHR, suggesting that the oxidative stress in SHR was only moderate compared to that in SHRSP, the latter being the oxidative stress model reported in our previous study (29) .
ESR 3D Imaging of MC-PROXYL in Isolated Brain of SHR
In the last series of experiments, we succeeded in reconstructing 3D images of the distribution of MC-PROXYL in the isolated brain of SHR (Fig. 4) . Figure 4 shows the distribution of MC-PROXYL in the isolated SHR brain from the side-view (x-plane), upper-view ( y-plane), and front view (zplane). The insert in Fig. 4B shows a photograph (upperview) of the isolated SHR brain studied. From these 3D images, we demonstrated that MC-PROXYL was thoroughly distributed in the isolated SHR brain.
Discussion
Free radicals are thought to play a significant role in the pathophysiology of various diseases. Among the many methods available for determining the generation of free radicals in biological systems, ESR has been recognized as one of the most powerful technique. During the last decade, significant advances in low frequency, L-band, and in vivo ESR techniques have provided useful information on oxidative stress in biological systems (20, 22, 35, 36) . In vivo ESR spectroscopy and ESR imaging are useful for investigating the redox status of living organisms noninvasively. ESR imaging is particularly useful for determining the in vivo spatial distribution of free radicals in animals. It has been suggested that MC-PROXYL is a suitable spin probe for the study of free radical reactions in the brain by in vivo ESR detection (23, 29, 30, 33, 34) . Our data show that MC-PROXYL, but not carbamoyl-PROXYL, is well distributed in the brain and that the ESR signal decays in a time-dependent fashion.
Since the permeability of the BBB is dependent on the lipophilicity and molecular weight of the compound, we previously measured the partition coefficients between 1octanol and water of various nitroxyl compounds (23) . The partition coefficients of carbamoyl-PROXYL (0.87) and 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (hydroxy-TEMPO) (4.83) were consistent with those reported by Fuchs et al. (37) . MC-PROXYL was more lipophilic (partition coefficient 8.70) than carbamoyl-PROXYL and other spin probes, indicating high permeability of the BBB to this compound. In the present study, we used ESR imaging to generate clear 2D and 3D images of the brain distribution of MC-PROXYL (Figs. 1, 4) . These methods were also used for ESR and in vivo L-band ESR imaging of brains from WKY, SHR, and SHRSP. In the present study, ESR imaging and noninvasive L-band ESR showed that the decay rate of the MC-PROXYL ESR signal was more rapid in SHR and SHRSP brains than in the WKY brain ( Figs. 1-3 ). We previously confirmed that the decay rate of MC-PROXYL in the isolated brains of SHRSP, a hypertensive reference strain (38) in which cerebral ischemia-reperfusion is known to occur due to oxidative stress (39, 40) , was also significantly faster than in the brain of WKY (29) . Thus, the present study demonstrated a difference in the degree of oxidative stress between SHR and SHRSP brains. Our results indicated that the oxidative stress level in the SHR brain was less than that in the SHRSP brain ( Figs. 1-3) .
The pharmacokinetic profiles of MC-PROXYL ESR signals in the isolated SHR brain can be divided into phase I and phase II, according to a two-compartment model of distribution, as previously described for SHRSP (29) . Nitroxyl spin probes are administrated systemically and are eliminated principally by a combination of excretion via the kidney and reduction to the hydroxyl amines (41) . The decay of the nitroxyl spin probe, MC-PROXYL (Fig. 2) , which is reflected by the ESR signal intensity in the head region, appears to follow the usual pharmacological pattern for excretion of drugs, with those that tend to stay in the vascular system being excreted very rapidly (phase I) due to reduction by ascorbate, and lipophilic nitroxyl spin probes, such as MC-PROXYL, showing much lower excretion via the kidney (phase II) (41) . The decay rate constants of MC-PROXYL in phase I (K1) and phase II (K2) were faster in SHR than in WKY (Fig. 3) . Furthermore, the decay rates in SHRSP were more rapid than in SHR (K1), suggesting that there was less oxidative stress in the SHR brain than in the SHRSP brain.
Although several possible mechanisms should be considered for the increased signal decay (35) , a number of L-band ESR studies have indicated that the signal decay rate of nitroxyl radical administered in living animals was associated with redox state, metabolism, and biologically relevant free radical generation (19, (42) (43) (44) (45) (46) . Recently, it was shown that oxygen concentration, antioxidant content, and free radicals alter the signal decay rate of nitroxyl radical (22, 45) . Moreover, it has been reported that short-term infusion or 7-day intraperitoneal administration of hydroxy-TEMPO, a nitroxyl radical, normalized blood pressure in SHR due to the reaction with oxygen radicals (27) . Oxygen radicals, especially O2 , have been claimed to induce cerebral vascular injury in acute hypertension (27, 47) . In vivo evidence for microvascular oxidative stress has been reported in studies using fluorescence microscopy (28) . In the present study, the decay rate in SHR was increased compared to that of WKY ( Figs.  1-3 ). Taken together, these studies suggest that the high oxidative stress sustained by excess production of oxygen radicals in SHR may cause the alteration of MC-PROXYL metabolism in the brain. Furthermore, this was the first study to show 3D images of the distribution of MC-PROXYL from the side-view (x-plane), upper-view ( y-plane), and front view (z-plane) of SHR ( Fig. 4) . These results indicate that the ESR technique employed herein would be a powerful tool for detecting the regions of oxidative stress and for monitoring free radical reactions in the brain of SHR.
In conclusion, quantitative ESR analysis using MC-PROXYL will be useful for understanding redox status under conditions of oxidative stress in the SHR or SHRSP brain. We used ESR imaging and noninvasive L-band ESR to confirm that the degree of oxidative stress was higher in the SHR that in the WKY brain, and was lower in the SHR than in the SHRSP brain. Finally, this study was the first to show 3D ESR images of the distribution of MC-PROXYL in the isolated SHR brain. Further advances in the instrumentation used for ESR imaging and the development of optimized nontoxic spin probes would make this technology even more promising for the noninvasive assessment of the antioxidant properties of novel drugs or foods in oxidative stress-induced disease models, such as SHR and SHRSP. 
